Abstract Forest policies have typically relied on prescriptive standards to mitigate various nonpoint negative externalities, whereas more recent approaches have focused on the use of incentive-based policies, such as payments for environmental services (PES), to encourage activities associated with positive externalities. We provide a general review on the current state of knowledge concerning prescriptive standards and incentive-based policies in the context of nonpoint and point source externalities that are typical in industrial and nonindustrial forestry. Our specific focus is on reviewing and assessing the current and future applications of performance bonding in forest policy. We argue that bonds can be viewed either as an enforcement mechanism to achieve compliance with standards, or alternatively, as a deposit-refund instrument that imposes a tax on harmful activities while subsidizing beneficial ones in the form of a refund. Four forest policy settings are considered: best management practices (BMP) for protecting the integrity of water resources, reduced impact logging (RIL) standards in industrial concessions, fire-fuel mitigation in wildland-urban interface (WUI), and carbon sequestration in standing forests and soils. Unique challenges that the successful design of performance bonding present are used as motivation for future research.
Introduction
Various positive and negative environmental externalities, or market inefficiencies, are frequently associated with standard logging and forest management practices. These include landowners' adjacency impacts to neighboring stands and provision of nonmarket and environmental services from standing forests that the society values but that are un-priced by the market (e.g., [1, 2] ). There exists now a rich set of policy instruments aimed at encouraging the socially best production of these environmental services, or inducing reductions in socially harmful activities. Typical examples include costsharing subsidies, harvest permitting, charges and taxes, technology and management standards, as well as more recently introduced market-based incentives such as payments for environmental services (PES), mitigation banking, and carbon offsetting. As competing demands for forestland intensify, so does the demand for cost-effective planning tools and policy instruments. Policies are not, however, created equal and the choice between different options comes with tradeoffs in terms of efficiency, cost-effectiveness, and the cost of enforcement [3] .
Performance bonding is an enforcement mechanism that has been widely used for different purposes in the context of forest management and logging contracting. In their simplest This article is part of the Topical Collection on Forest Policy, Economics, and Social Research form, performance bonds are constructed to enforce contract rules and standards, bolster commitment between contracting parties, and provide insurance against noncompliance. Alternatively, bonding can be viewed as a deposit-refund scheme that acts as a mechanism to encourage socially beneficial actions. We contend that both of the above approaches to bonding-enforcement and incentive-based-have promising new uses in future forest policy design given the typical monitoring and enforcement challenges found in forestry. These include the nonpoint nature of socially harmful (beneficial) impacts of forest management activities on industrial and nonindustrial lands, and vast spatial scales that render monitoring of activities costly and impractical in many circumstances. Inherent stochasticity in natural processes, moreover, complicates the measurement of the severity of externality effects, and even locating the exact source for the externality in question can be problematic (e.g., [4] [5] [6] ).
A review of the potential of bonding mechanisms that distinguishes between controlling point and nonpoint source forest externalities has not yet been undertaken in the forest economics literature, despite the growing importance of bonding to policy makers. We critically review and assess the uses and applicability of performance bonding in enforcing and encouraging changes in forest management and harvesting practices. We compare bonding mechanisms against other policies and focus on four potential areas of application for bonds: best management practices (BMP) in forestry operations, reduced impact logging (RIL) in tropical concessions, mitigation of wildfire risks in wildlandurban interface (WUI), and carbon sequestration services provided by forest biomass and soils. We keep our analysis for this paper at the discussion level but point the reader to more rigorous and mathematical treatments of the principles discussed and reviewed here.
Incentive-and price-based policy instruments have been repeatedly championed as an alternative to traditional command-and-control policies such as pollution control and technology standards. Typical incentive-based approaches have included taxes, charges, and subsidies, and more recently, market-based policies such as tradable permits [7] . Performance bonding is an example of an instrument that can be used to enforce compliance with stipulated standards, or alternatively, it can be used as an incentive-based mechanism. A prominent example of the latter is the already common recycling programs with deposit-refund schemes, which essentially work as a combination of a tax and subsidy payment [8] . The deposit is the tax component, whereas the subsidy is received after the appropriate reclamation or recycling activities have taken place [3] . As we will argue here, performance bonding is a combination of command and control and price regulation and as such, can be uniquely tailored to the regulatory objectives in forestry.
The next section provides a brief overview of the nature of typical forest externalities emanating from point and nonpoint sources, and a description of the types of regulatory challenges found in forestry. The third section then reviews common forest policy instruments and draws distinctions between standards and incentive-based policy approaches. The fourth section focuses on the application of bonds in forest policies using four case examples. Finally, we offer our conclusions in the last section.
Sources of Externalities in Forestry
An externality occurs when the owner, or a user, of a resource does not incur (enjoy) all the opportunity costs (benefits) associated with owning and using the resource [9] . In practice, this means that landowners or operators may not account for all the implications of their actions to their neighboring stands, nearby communities, or to the society at large when deciding on the use and extraction of local forest values. The reason behind the neglect can be either due to missing markets for environmental services and amenities, or because of the public good nature of the amenities in question. In the latter case, even the presence of a market may not solve the problem of under-provision, since the possibility to free ride constrains the potential income that can be generated from producing public goods on forest lands [10] . Therefore, one of the goals of forest policy is to mitigate these externalities, provided that the cost of regulation does not exceed the expected benefits [11] . The regulator typically focuses on both the timing and intensity of felling activities, and the type of management activities undertaken during and between the stand establishment and the final harvest.
Forest externalities exhibit both temporal and spatial features [12] . Carbon sequestration services provided by growing trees is an example of an intertemporal positive externality, whereas watershed protection and wildfire risk mitigation (fuel reduction) are examples of positive spatial externalities that may also exhibit an intertemporal component [13] . In these cases, missing markets and the under-provision of beneficial activities are caused by a variety of reasons. Spatial externalities can be hard to fully internalize without a policy intervention simply because of the prohibitive cost of arranging negotiations between multiple landowners and the large number of other affected parties [14, 15] . Free riding incentives among adjacent landowners lead to under-provision of public goods across space, such as taking actions to reduce hazardous fuels [16] . In the case of intertemporal externalities, negotiations may simply not be feasible because all the beneficiaries are yet to be born, or alternatively, the discount rates applied by private decision makers do not align with the social discount rate-there are many other transaction costs limiting these types of negotiations as well. Designing efficient and cost-effective policies to mitigate spatial and intertemporal externalities is a well-known policy challenge, and solving it may require a mix of complementary instruments [17] .
Externalities in forestry and in agriculture share some common features, especially the difficulties associated with nonpoint sources of pollution [6] . Nonpoint pollution means that is difficult, or exceedingly costly, to determine the exact source of the externality since there is no single identifiable emitting source as pollution from multiple small sources gets aggregated before entering a receptor. For example, increased turbidity may be caused by multiple separate harvesting operations occurring at different locations in the vicinity of the same water body, and while the arrival of wildfires is a random event, their severity may depend on the conditions of various neighboring stands and the configuration of the landscape as a whole. There are also many examples of point source externalities in forestry. The impact of management practices in a specific forest land may directly affect the quality and quantity of watershed services for nearby communities, hence enabling a clear identification and targeting of the source. Another example of a clearly identifiable externality is the unsustainable logging practices adopted by a concession harvester on a particular site. However, even when the externality has an identifiable point source, the cost of enforcement with numerous sources and vast spatial scales are challenges that demand well-designed, targeted, and cost-effective monitoring and enforcement strategies [18] .
Success in enforcing policies and monitoring compliance depend on the quality of the enforcement institutions, their budgetary limitations, and on the physical nature of the enforcement environment [19, 20] . At a more conceptual level, there are two variables that determine the boundaries and limitations of forest policy design. The first one relates to the observability of actions taken by landowners and loggers. Here, the enforcement challenge is caused by vast spatial scales and limited resources, with the implication that the regulator has to mainly rely on the final inspection (or self-reporting) to verify that the agents have complied with the laws and regulations. The second is the considerable degree of stochasticity in the indicators that are used to assess either the level of compliance or the severity of the externality [21] . For example, natural variability in stream temperatures can make it difficult to determine the impact of nearby logging operations on adjacent water bodies [6, 22] . The smaller the natural variability in stream conditions, the easier it is to establish a causal connection from activities on a specific land tract to changes in stream conditions. However, even a signal that is accurately describing the conditions of a particular receptor may not be enough to effectively enforce the compliance of individual sources, especially in cases where there are multiple potential polluters and no clear assignment of individual liability.
Forest Policies and Regulations Prescriptive Standards in Forestry
There are broadly speaking two types of prescriptive standards that differ in their emphasis of targeting either management outcomes or management actions (choices). The first one is called a performance standard, and the second one a technology (process/design) standard [23] . Performance standards typically regulate the flow of an externality causing pollution such as the nutrient load entering a water body at a given time and in a given location. This means that there is a clearly identifiable source for emissions and the regulator monitors the Bend-of-pipe^discharges. In the case of nonpoint source pollution, the use of performance standards is frequently not feasible. For example, when dealing with sediment discharges from multiple harvesting operations, it might not be possible to identify and measure the exact amount of runoff caused by a specific source [24] . Similarly, the leakage of pesticides and nutrients to water bodies as a result of forest management activities is a nonpoint source pollution [25] . In these cases, the regulator typically targets the application of chemicals and fertilizers instead of the flow of pollution, or mandates the use of technology standards such as riparian buffer zones [26] .
In the case of nonpoint pollution, the regulator can also use some predefined indicator or a proxy variable for the overall externality effect to target the performance standard. These are called ambient standards, and they typically dictate the allowed concentration of pollutants in the environment per unit of time, such as the level of water turbidity, dissolved oxygen present in the water, or particulate matter released from prescribed burns that affects the air quality [27] . Protecting Cold Water Standards (PCWS) is another example of an ambient-based standard [28] . PCWS regulates humancaused maximum increases in stream temperatures using a natural baseline as a point of reference. In this case, heat energy is considered as a form of pollution that harms spawning and migration in cold-water fisheries [22] . Finally, a requirement for sustainability in logging and land management practices at the landscape level can also be thought of as an ambient-based standard. An indicator for compliance in these cases could be, for example, habitat suitability or biodiversity indices that track the habitat conditions for wildlife and endangered species, a scenic beauty index that attempts to measure the recreational values provided by the forests, or other economic indicators that measure the long-term sustainability of land management practices [29] [30] [31] [32] .
Compliance with ambient standards can be measured expost of the regulated activity, with penalties for noncompliance assessed based on the information provided by the ambient indicators. Ambient standards are, however, problematic to apply when natural variability in the chosen indicators render the information content of measurements less useful, thus making it difficult to verify actual compliance [26] . Even when the signal is deterministic, the application of ambient standards with nonpoint pollution is not necessarily attractive from the legal or political standpoint, since their use may necessitate the assignment of joint liability for potential environmental damages, as there are multiple sources that together, or individually, are causing the damage [3] .
Technology (process/design) standards are another common approach to environmental regulation in forestry. For example, various best management practices (BMP's) have been developed and applied to reduce the negative environmental impacts stemming from logging operations [33] . BMP's were originally designed to mitigate the negative impacts from farming and livestock production on water quality, but they have now come to represent a broad set of measures targeting a range of negative impacts from various land uses on water bodies [34, 35] . There are also various types of logging restrictions that can be categorized as technological standards. Timber concession contracts on public lands frequently mandate the use of predefined felling cycles, and they typically restrict the annual allowable cuts and dictate diameter limits for harvesting [36] [37] [38] . In some jurisdictions, the allowable area cut per operation is restricted, thus establishing a legal upper limit for the size of the final harvest [7, 39] . Regulations may also specify what type of tree species have to be replanted for designated areas, and the number of seedlings that must survive per area unit for the landowner to be deemed compliant with reforestation standards.
The main perceived advantage of technology standards is that they, at least in principle, provide more certainty over the control of the externality causing activities. Performance and ambient standards, on the other hand, enable some flexibility over how to achieve compliance with given policy targets, but this can increase risks over the actual outcome since it is possible that the chosen actions are not successful in achieving the specified targets. The benefit of allowing flexibility is to improve the cost efficiency of regulation since landowners and operators are free to choose and experiment with the most cost efficient approaches given their particular circumstances. Correspondingly, the main disadvantage of technological standards is that they restrain the impetus to experiment with new technologies and practices that could achieve the same environmental quality with lower cost [40, 41] .
Enforcement of standards entails a constant monitoring of activities and imposition of penalties when noncompliance is detected. Sanctions come typically in the form of ex-post fines, penalties, or forfeiture of the operation permit. Performance bonds can also be used to enforce standards, and we discuss their applications in more detail in the following section. Enforcement success fundamentally depends on the regulator's effort and ability to detect and penalize violators with a credible threat [19, 42] . The presence of incomplete information, however, challenges the design of an effective policy and the detection of the level of compliance [43, 44] . Enforcement effectiveness is also influenced by the quality of institutions, pressure from peers and other stakeholders, as well as by the culture of abiding to the rules [18, [45] [46] [47] . Many of the above elements differ between countries and jurisdictions, making the effectiveness of command and control regulation dependent on the specific location and the local institutions.
Given these challenges, it is not always straightforward to determine which type of a standard should be preferred in terms of having the lowest regulatory costs (monitoring and enforcement). In principle, compliance with technology standards should be easy to verify, but in practice, it may require considerable effort to ensure that a harvester has installed and is using all the required technologies and activities. Accurate and uncontroversial ambient indicators would certainty alleviate these problems, as the regulator would be able to clearly detect the presence of noncompliance. This said, when regulating nonpoint source externalities and given the typical stochasticity in ambient indicators, relying on technology standards and the final inspection may be the only feasible approaches. We argue in the next section that, under these types of regulatory circumstances, the bond instrument possesses many attractive qualities for the regulator and the landowners.
Incentive-Based Policies
Traditional incentive-based (IB) policies include charges (taxes) that create a disincentive for socially harmful activities, and cost-sharing mechanisms (subsidies) that encourage activities that are undersupplied from the society's perspective. The general idea behind IB policies is to use the price system to change the relevant opportunity costs enough to create an incentive for the resource owner to adopt socially beneficial actions. The owners then adopt new management approaches and regimes voluntarily to receive outside payments as a reward for actions or as a compensation for costs, or alternatively, in the case of taxes and charges, they change their behavior to reduce the tax payments for which they are liable. For example, PES is intended to create new markets where landowners can profit from changing their forest plans to specifically incorporate considerations for various ecosystem values [48] [49] [50] . In other places, PES encourages reforestation and afforestation activities and other actions that reduce the risk of future forest degradation and deforestation by changing the relevant opportunity costs faced by landowners, land managers, or forest dependent communities [51] [52] [53] . Bonding mechanisms can also be designed to emulate IB policies. These typically take the form of deposit-refund schemes. The advantage of deposit-refund schemes is that they can provide the necessary funds to run the reclamation and recycling activities, and they can also provide some degree of insurance to compensate for environmental or economic damages when they do occur.
As the case with performance standards, the enforcement complexities related to nonpoint pollution and the stochasticity of ambient indicators can reduce the range of opportunities for the use of IB policies. In order for the landowner to receive a payment, or to be charged for something, the regulator has to be able to observe some metric related to the externality effect, whether it is the stock of carbon sequestered, smoke from prescribed burnings, the amount of soil runoff released to water bodies, or changes in stream temperatures. Recent developments in remote sensing have the potential of alleviating the extent of these problems in the future, thus creating new opportunities for the application of IB policies [54] .
The main advantage of IB instruments is that they are more conducive to enabling a cost efficient compliance outcome as landowners, and harvesters can choose the best measures that achieve the prescribed environmental quality targets using their private and more detailed knowledge of costs of different technology and management options. IB instruments also encourage innovation in cost-cutting technologies and in new management practices, which does not typically occur under technology standards, as there is no need to experiment with alternative technologies [55, 56] . It is also possible to use revenues from environmental charges to reduce other distortionary taxes-this possibility has been termed the Bdouble dividend^in the literature [57] . The downside of subsidies is that they can make the receiving industries more profitable and therefore attract more firms to enter the market. They are obviously also a burden to public funds [3] . Nevertheless, the use of subsidies frequently remains as the only politically viable option, especially when targeting private landowners or forest dependent households in rural communities.
Performance Bonding in Forestry
Performance bonding is a case where a forest harvester or a landowner submits a bond that is paid back upon observed compliance with a required standard, such as BMP's, or after successful completion of any other requirement stipulated in a harvesting contract or in forest practice acts. Alternatively, it is also possible to tie the release of the bond to verified compliance with legally mandated ambient quality standards, or with some other performance related metric. The basic logic of bonding mechanisms is easy to understand, and not surprisingly, it has found many uses in different regulatory settings [58] . Performance deposits are widely used in private timber contracting to enforce compliance with a variety of standards that require the deployment of good management practices on the part of the harvester.
1 Some other well-known examples include refundable deposit schemes in the beverage industry, and performance bonds in mine land reclamation in the USA and Australia [3, [59] [60] [61] . 2 Bonds have also been studied in the general economics and compliance literature [66] [67] [68] . One of the most critical decisions in the implementation of bonding schemes is the setting of the initial bond payment, and there are contrasting views on this issue. Costanza and Perrings [69] propose that the bond payment should be high enough to compensate for the incidence of any environmental damages that may occur, whereas Shogren et al. [70] favor the approach where the bond is set to an adequate level that is just enough to induce compliance. The first approach views bonds as a form of insurance that indemnifies the public against all potential environmental damages, whereas the second approach is more in line with the enforcement approach [56] . Balancing between these two viewpoints has tradeoffs. Too high of a bond payment may create an excessive burden for the logging operators and landowners, which may in turn reduce the incentives for participating in regulated activities, and potentially encouraging participation in illegal ones. Too low of a bond payment, on the other hand, might not provide a strong enough incentive for compliance with the specified standards, or for the adoption of alternative management plans, while leaving the landowner or the society with little funds to compensate for potential losses caused by residual stand damages or other damages to environmental values that in some cases take time to materialize.
The key distinction for our purposes is between using the bond instrument to enforce compliance with legally mandated standards and contract rules, and using it for creating incentives for taking actions that mitigate the causes of negative externalities, or encourage actions associated with positive externalities. In other words, bonds can be used to target both performance criteria and management outcomes [38, 71] . When bonds are used to enforce compliance with technology or performance standards-such as riparian buffer width or prescribed logging techniques and technologies-they take the form of enforcement mechanism, with the added benefit of providing insurance against noncompliance. Alternatively, bonding mechanisms can be designed to work more like an IB policy that is designed to alter the opportunity costs associated with socially harmful actions. This approach resembles a tax and subsidy scheme where the landowner first pays the tax regardless of the final outcome and then receives the subsidy in the form of the bond repayment, given that such actions are taken that lead to a measurable improvement in the final outcome when compared to some predefined reference level [72] [73] [74] [75] .
As we have discussed earlier, forestry externalities exhibit both nonpoint and point source characteristics, and both legally mandated standards and incentive-based policies have been applied in the past to influence management choices and thus to change outcomes. Vast spatial scales and stochasticity in performance and ambient metrics, however, render the enforcement of standards in both point and nonpoint case challenge. Performance bonding has therefore the potential of providing a dual benefit as a part of the solution to the enforcement problem. First, bonding schemes effectively transfer the burden of evidence for compliance over to the harvester, while concurrently retaining necessary funds for possible cleanup and damage control activities in cases of noncompliance [58, 76] . This has the potential of reducing the regulator's enforcement burden by leveraging the effectiveness of the final inspection and verification phase. Second, bonds are useful in situations where there is significant uncertainty about the compliance outcome, or where there are risks associated with the conduct of operations, and the assumption is that the bond holder wishes to retain some insurance, and does not necessarily trust the litigation process to provide timely funds for compensation (or the litigation process is prohibitively costly). For example, performance deposits provide insurance against risks related to lost value through stand damages or environmental damages that may require a salvage operation.
In the case of an IB approach, bonds have also the potential of offering a dual benefit. First, the tax-subsidy nature of the bond scheme targets management actions that generate negative externalities with the tax payment, while encouraging the generation of positive externalities with the subsidy, but without the burden on public funds. An example for this type of an application is the control of externalities associated with forest carbon. A carbon tax on the basis of released carbon content could be levied at the time of the harvest, whereas an annual subsidy for carbon sequestration would reward landowners for actions that accumulate forest carbon over time [77] . Second, bond payments generate a pool of funds that the regulator can use to mitigate the costly impacts from damages. For example, when applied to the IB approach of controlling hazardous fuels in overstocked stands, the pool of bond payments can offer a possible source of funds for public safety measures such as fire suppression and the prevention of negative health impacts from smoke.
To accommodate the wide range of circumstances found in different settings relevant to bond schemes, we investigate the use of bond instruments in four different regulation scenarios to highlight the similarities and differences facing both the regulators and the regulated entities (Table 1) . We have selected these cases to highlight the use of bonds as an IB instrument or as an enforcement mechanism in applications where the type of the externality can be either point or nonpoint.
Water Quality BMP's
Historical forest management practices based on improper or over-harvesting of streamside riparian vegetation have sometimes resulted in negative impacts on aquatic ecosystem health and source water quality for downstream users due to increased erosion and sedimentation and stream temperatures. This is an example of a non-point externality. In such cases, the typical regulatory approach has been to prescribe technology-based standards such as BMPs. The use of BMPs is mandatory in some jurisdictions, while in others, their adoption is encouraged but nevertheless voluntary. Forest Practices Acts (FPA) legislated in western and northeastern US states require a fixed set of BMPs implemented during logging operations, whereas southeastern states allow landowners and harvesters to select a combination of approved practices to achieve a specific water quality standard [78] . Thus, the southeastern states apply ambient-based performance standards, whereas western and northeastern states rely more on the use of technological standards. In either case, a bond instrument can, in principle, be used to enforce compliance with the prescribed environmental standards.
The main difference between enforcing an ambient standard and a technological standard is in deciding the criteria that need to be satisfied before the bond can be released. Enforcement of a technology standard can be tied to the final inspection where it is possible, at least in principle, to accurately determine the level of compliance, whereas ambient indicators are more susceptible to the natural background variation that may lead to difficulties in assigning liability. Through careful design, these problems can be overcome, as we will suggest here using the case of enforcing stream temperature standards as an example. However, it could be the case that the use of ambient targeting is not feasible in all circumstances, for example, because it is not possible to define uncontroversial and accurate criteria for compliance. When this happens, bonds may have to be used to only target technology choices, such as fixed buffer width.
PCWS in Oregon is an example of an ambient-based water quality standard [79] . The criteria in PCWS set a limit of 0.3°C for the allowed post-harvesting increase in stream temperatures in fish bearing water bodies when compared to natural reference temperatures that are typical to the area in question. When measurement instruments detect temperatures above the allowed threshold, the next step is to identify the exact source causing the temperature increase. A harvesting operation that has not installed the appropriate BMP's, such as fixed-width stream buffers, would be a potential suspect. 3 But with multiple harvesters along the same stream system, identification of the exact source that caused the temperature increase can be challenging, as there is considerable variation in the natural background temperatures, especially in small streams, thus complicating accurate monitoring. The upside of ambient standards is that they potentially allow for flexibility in achieving compliance with the policy given that the landowners and operators face correct incentives. This would yield an improvement to the case where fixed-width buffers are universally applied to all harvesting sites regardless of their location vis-à-vis environmentally sensitive areas, even when the cost of compliance with fixed standards turns out to be costlier than the actual benefits received. Correct incentives would encourage efforts to experiment with variable width buffers and other technologies that yield the same environmental benefits but with lower costs. 4 Coincidentally, there is now an increasing recognition of preferring more landscape oriented solutions that have the potential for better satisfying ambient targets [81, 82] . Abandoning fixed-width buffers can, however, create a higher risk over the ultimate ambient quality (e.g. turbidity, temperatures) in sensitive stream systems, which would certainly be a reason for concern for a riskaverse regulator.
One potential policy solution would be to introduce performance bonding and joint liability in combination with the use of ambient targets. Harvesters would be able to experiment with site-specific best practices, and the regulator would retain some insurance over the potential damages and also funds for restoration activities if the operator for some reason defaults on its contractual obligations. The bond payment itself would generate an incentive for harvesters to comply with the ambient target in a way that ensures the release of the bond. Joint liability would mean that all the operators along the same stream system would be held accountable for achieving the ambient target [26] . Introduction of such a liability scheme would certainly be challenging, but the benefit would be to encourage harvesters to share information and techniques to achieve the ambient targets with the least cost. However, there is also the possibility that, even when forest managers are given the latitude to experiment with different actions and techniques, they may still adhere to the standard procedures, such as fixed-width riparian buffer, simply because the level of uncertainty over the effectiveness of alternatives is high [80] . But, it is also likely that some operators emerge as leaders in developing new strategies and techniques, and more risk-averse operators would then follow their lead.
Reduced Impact Logging
Environmental and financial losses associated with poor execution of concession harvesting represent a stylized example of a point source externality. Challenges in sustainable management of tropical forest concessions are especially well known and covered in the literature [83, 84] . One critical step toward achieving improved long-term timber concession outcomes is the adoption of reduced impact logging (RIL) standards. These essentially fall under the rubric of technology standards. The main goal of RIL techniques is to reduce collateral stand damages and soil disturbances, and hence yield long-term benefits to the landowner and other stakeholders [85] . Putz et al. [86] define reduced impact logging as Bintensively planned and carefully controlled timber harvesting conducted by trained workers in ways that minimize the deleterious impacts of logging^, and the list of actions cover, among many other things, detailed mapping of concession area, compilation of tree inventory, improved planning and construction of roads, application of directional felling techniques, and increased efficiency of yarding operations.
While the adoption of RIL techniques can yield some financial benefits, evidence on the relative profitability of RIL over more conventional logging practices is mixed [84, 87, 88 •]. Macpherson et al. [89] provide simulation-based evidence on the improved profitability from installing a RIL system, but note that loggers will most likely adopt only those components of RIL that directly improve profitability, while likely neglecting the parts that generate reductions in externalities. Moreover, the adoption of even partial RIL may be hindered by the fact that many logging companies employ few foresters and engineers needed for the installment and execution of RIL [86] . Therefore, it is very likely that additional policy incentives are needed to achieve better compliance with RIL standards.
The use of performance bonding in industrial forest concessions delivers the dual benefit of, first, providing an enforcement mechanism for achieving compliance with RIL standards, and secondly, establishing a pool of funds for the ex-post damage mitigation. The potential of bonds as an alternative, or as a complement, to harvesting royalties has been discussed at least since in Paris et al. [90] , with some more recent examples found in [71, 91, 92] . Simulation-based studies, such as those found in Boscolo and Vincent [38] and Macpherson et al. [93•] , suggest that performance bonds can be an effective instrument in ensuring compliance with RIL standards. While these results are promising, actual ground experiences are still lacking. In the 1990's, both Philippines and Malaysia experimented with the use of forest concession bonds, but these schemes were soon terminated as harvesters simply forfeited the bond without implementing the required actions that would have improved the long-term sustainability of concession harvesting. One reason behind these failures might have been simply a too low of a bond payment to ensure compliance [60, 94] . Consequently, Ruzicka [95] and Nasi et al. [96] argue that it is still too early to reject the use of performance bonding in tropical concessions, as their potential is yet to be properly tested and therefore warrant further experimentation.
One lesson from failed bond experiments is that, for a bond payment to be an effective instrument, it must account for the location specific variation in fixed and variable costs, the impact of value-based timber royalties, and the endogenous choices over harvesting intensities in each diameter class and tree species. These requirements naturally impose a challenge for the government attempting to ensure full compliance with concessions rules [97] . Since much of this information is also private and unknown to the policy maker, the design of an effective bond scheme can become an even more complex problem. One solution would be to use an auction mechanism to elicit more accurate information about the required size of the bond payment. However, the presence of capital constraints may still hinder the potential for designing a firstbest bond instrument, thus necessitating making compromises in policy targets.
Forest Fuel Reduction
A relatively new consideration in forest policy design is the proper alignment of incentives for fuel reduction and mitigation of fire risk in the wildland-urban interface (WUI). There, landowner decisions about forest structure and fuel reduction have important implications for the damage once fire arrives. It is not surprising that the WUI has become a central policy issue in the USA, where fire suppression is estimated to cost several billion dollars per year [98, 99] . Risk of wildfire and the inflicted damages caused by the arrival of these damaging events can be treated in the same way as a nonpoint source externality since their arrival is stochastic. Landowners can mitigate the severity of wildfires once they arrive by using thinning or prescribed fires to reduce fuel loads. Bonding mechanisms in the form of a deposit-refund scheme could be used, in the same way as we discussed with BMPs, to create an incentive for landowners to reduce spatial externalities by undertaking enough fire risk mitigation to be socially optimal.
Given the scale of ownership and numbers of nonindustrial private forest landowners in the WUI, the cost of fuel reduction can limit incentives for achieving anything close to a socially best level of fuels on forest land, and therefore to mitigate risk of fire spreading from one landowner to another across a landscape. As with BMPs for forest logging, fuel reduction regulations are largely command and control, or are based on cooperation that is required in WUI communities for landowners who reside there. As such, most of the recent attention of the literature has been on creating incentives for homeowners having houses in established forest communities to limit fuels on their properties. To a large extent, this literature has focused on cooperation mechanisms (or standards) as well as community wide fuel reduction targeting [100, 101] . The fuels considered in these programs are largely ornamental trees and brush around home sites, as well as restrictions on house structural characteristics. The cost of fuel reduction is therefore thought to be a function of nonmarket goods that are foregone by removing ornamental trees from a homeowner's property [102, 103, 104•, 105] . 5 In a more traditional forest management setting, where landowners establish and manage forests based on rotation age silviculture, fuel reduction has been studied as a removal of timber from production or an index of fuel reduction effort that negatively affects yield at harvesting times, with work considering these decisions in the context of adjacent landowners where fuel reduction effort benefits and causes spillovers as an externality imposed on neighboring forests. For the first examples of this problem, see [14, 102, 106] . In this respect, fuel reduction and risk mitigation have much in common with the best management practices discussed in the preceding section. In fact, the costs of fuel reduction affect landowner welfare in the same way as BMP restrictions do, in that fuel reduction represents a significant reduction to present value land rents. Thus, there is no expectation that landowners will have great incentives to undertake fuel removal on their own.
There is some literature that suggests empirically that forest landowners recognize the spatial relationships between fuels on neighboring property and fire risk on their land [107, 108] . Despite this, cooperation across space may not be as feasible in a more traditional forest management context. There would be obvious transaction costs of forest landowners coordinating their actions, not the least of which is the fact that absentee ownership often comprises nearly 30 % of land ownership for nonindustrial private land in the USA (see [15] ). The most common instrument in these situations to incentivize fuel reduction has therefore been more traditional cost-sharing programs (see [109] ). Further, in the large literature that comprises forest policy design for nonindustrial forest landowners, the common first best instrument to control behavior has been either a carrot-stick type of policy, or a direct tax that internalizes costs of externalities characterizing forest management [110] . To a large extent, these policies have only been considered in the common externality problem where a private landowner disregards public goods amenities from unharvested forest stocks that matter to society (see [2] , chapter 5 for a review of this literature).
One potential issue complicating bond choice in fire mitigation problems is the risk inherent in fire arriving, as well as the effectiveness of fuel treatment in reducing this risk. There is disagreement in the literature concerning the impact of fuel reduction on the probability of fire arrival in a stand and the expected damages once fire arrives. This assumption is part of a large portion of the literature on forest management and risk for natural disturbances. In this literature, it is often (but not always) assumed that damage to a stand once a fire arrives depends on the condition of the stand, although the probability of fire arriving does not depend on stand management decisions. This is clearly the case with many fire events that arrive in fronts and do not depend on a landowner's decisions in the past or what adjoining landowners have chosen, but the damage to the stand is definitely dependent on these decisions. A large body of literature supports this for natural events such as fires and weather shocks [109, [111] [112] [113] [114] [115] [116] .
There are at least two potential applications of performance bonding related to forest fire prevention policies. The first would be to require a bond deposit before commencement of prescribed burnings or other measurable and observable fuel reduction strategies such as thinning of a forest. This would generate an incentive for managers and landowners to undertake appropriate precautionary measures to prevent the spread of fire to adjacent properties. The second application is to design a deposit-refund scheme for landowners to penalize accumulation of hazardous fuels and reward those who commence fuel removals. These bond deposits can be furthermore spatially differentiated to capture the variation and severity of risks in the landscape. Once the landowners have taken actions to reduce fuels to levels that are deemed safe, the regulator would release the bond. These types of schemes could work especially well in the context of WUI since landowners would now have a stronger incentive to take actions to be eligible for the refund. The pool of bond payments would also generate additional funds to suppress catastrophic fires.
Forest Carbon
Our last policy example focuses on carbon sequestration services provided by trees and forest soils [117] . Landowners can influence the stock of carbon that is sequestered over time through management and harvesting plans, while more extensive changes in land use types (land conversion) carry permanent changes in potential carbon stocks [118] [119] [120] . Carbon sequestration is an example of point source positive externality and potentially amenable to incentive-based policy approaches like the ones we have been discussing. Release of carbon emissions from land management activities, harvesting, or wildfires are examples of negative externalities. A deposit-refund scheme could be developed where the landowner posts a deposit at the beginning of the rotation and gradually receives refunds back from the deposit fund by providing carbon sequestration services as the forest grows. The original deposit would essentially act as an effective tax on the negative externalities caused by the removal of trees, and the refund would act as a subsidy for sequestration services. Essentially, the basic principle of carbon deposit-refund scheme would follow the typical tax-subsidy policies that have been examined extensively in the literature [77, 121] . The presence of asymmetric information about the opportunity cost of carbon sequestration through landowner actions would potentially complicate the bond design and necessitate more variable payments for different landowner types [122] .
Concluding Remarks
Forestry externalities exhibit both point and nonpoint characteristics together with diverse spatial and temporal manifestations. As a result, both standards-technology and ambient basedand incentive-based policies have been applied, with historically heavier emphasis on standards due to the prominence of nonpoint source externalities. We have reviewed the principles of forest policy instruments with a particular focus on current and potential future applications of performance bonding. Bonds can be used as an enforcement mechanism to achieve compliance with specified regulatory standards, or alternatively as depositrefund schemes which essentially tax harmful activities and subsidize beneficial ones. Potential benefits of bonding schemes are the insurance provided against noncompliance, potentially less resistance from the regulated entities than sole tax instruments, and if designed properly, cost-reducing innovations and experimentation by resource owners and managers through new techniques and management strategies.
Successful design of performance bonding schemes faces multiple and in many cases unique challenges, suggesting much scope for further study. These include the effects of private (and asymmetric) information on setting the correct initial bond payment, and risks of bond failures that undermine the effectiveness of these schemes. These risks include the failure to receive the bond repayment even when compliance is at a level that is sufficient to justify the release, or efforts by the regulated entities to legally challenge and reverse the confiscation of the bond even after verified noncompliance. Most of these concerns can be alleviated through careful contract design, third party verification, and by having an effective and independent judicial intermediation when disputes do occur. But in situations where these attributes are lacking or unattainable, as is the case with some tropical forests, a successful bonding scheme may be more difficult to implement.
The presence of capital constraints on the part of forest landowners and harvesters also present another major challenge, and there is additionally a potential tendency among the regulated entities to exaggerate the costs associated with posting a bond. Too low of a bond payment can, however, lead to the inevitable noncompliance and confiscation of the bond, which can then be claimed as providing evidence against the effectiveness of the bonding mechanism itself. The above problems may not be as great in situations with repeated interactions, as reputational effects can become important between the bond payer and the regulator. But in less than ideal regulatory environments, reputational effects may not be important enough to change behavior, or reputational effects could be clouded through corruption in the government. Most of these issues go beyond bonding schemes, however, and work to the detriment of any policy, whether it is command and control or incentive-based.
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